Abstract-This paper presents a simulation study of hybrid control strategy to control the motion of wheeled mobile robot (WMR) in the restricted environment. The implementation of the robot path planning in restricted environments needs a suitable robust controller to avoid known/unknown disturbances and guarantee zero track errors. A proportional derivative active force control (PDAFC) scheme is incorporated with artificial intelligent techniques, namely, fuzzy logic (FL) to effectively estimate the actual torque applied on the robot wheels. Several kinds of trajectories in the restricted environment with unexpected changes in their trajectory has been used to test the proposed control system. The simulation study was carried out using software interface (MATLAB / SIMULINK). The results demonstrate a better performance and higher capability of PDAFC controller for disturbance rejection in comparison with PD and AFC controllers.
Introduction
The control of mobile robot in restricted environments such as in roads and factories areas , during the path execution, still a complicated problem in robot researches. This is due to that in such area, the robot needs to maintain perminantly the track errors at zero level and the WMR robot must follow robustly the pre-defined path using a suitable control system; otherwise it can cause to crash other objects.
Active Force Control scheme is one of the most useful controller that can eliminate the tracking error very well. A well-functioning Active Force Controller can compare the actual value with ideal value that coming from applied torque and acceleration sensor parameter. There are always an external and inner loops in Active Force Controller. External loop usually functions as kinematic system and contain traditional controller like PD controller. The inner loop always functions as dynamic system and contains the Active Force Controller strategy. Active Force Controller is firstly introduced to control the dynamic of a robotic arm and gripper [1] . The accelerometer and torque sensors are used to estimate the difference between the applied and actual torques.
Proportional-Integral combined with Active Force Control (PIAFC) algorithm has been used to recompense the dynamic behaviour of the robotic system which can't only delete the known disturbances but also unknown disturbances [2] . The effectiveness as well as robustness of the control scheme in this work can be observed only if the control schemes use active force control.
An active force control schemes has been applied on the 5-links biped robot [3] . This control system presents robustness and stability behaviour even in presence of the disturbances as AFC scheme is succeeded to compensate external disturbances acting on the biped system. The quadratic cost function of tracking errors are also minimized by predictive controller based AFC.
Active Force Control (AFC) with Fuzzy Logic (AFCAFL) controller has been applied on a robotic arm that are moving by Pneumatic Artificial Muscle [4] . The study uses fuzzy logic (FL) technique to find the optimized value of the inertia matrix in the robotic arm control system. AFCPID mechanisms also play an important role to make system more effective and robustness.
Active Force Control (AFC) has been utilized to reduce friction-induced vibration [5] . The AFC based control strategy reduces the unwanted effects of the vibration source so that Friction Induced Vibration (FIV) can be decreased. Besides that, AFC based scheme also can increase the robustness of the system and reduce the vibrations of FIV system.
An Active Force Control for operating a mobile robot with 4 wheels together with kinematic controller based algorithm is used to solve both tracking and regulation problems [6] . Tunable oscillator produces some reformed states to track some expected or unexpected signals.
Hybrid Resolved Acceleration Control (RAC)-with AFC controller is used to control robot in a pre-planned path during passing through complicated environments [7] . The Comparison between Resolved Acceleration Control and Active Force Control has been done to test the controller capability in reducing tracking errors. The controller maintain the mobile robot on its path by tracking it on the pre-defined path with capability to eliminate the effect of the disturbances.
Implementation of evolutionary AFC strategy in 5-link biped robot has made the system robust and stable even-though under effect of disturbances or obstacles [8] . AFCCA scheme is giving the excellent trajectory tracking performance and AFC scheme demonstrates high accuracy and robustness in the biped-tracking problem.
Tracking performance on mobile manipulator controller based on Active Force Controller was proposed to eliminate all effect of any disturbances that exist in the system [9] . The AFC scheme demonstrates a better noise rejection and faster in computational time in comparison with the computed torque controller.
Active Force Control with Nonlinear Predictive Control has been introduced to enhance the trajectory tracking and increase the robustness against various types of known and unknown uncertainties for Five-Link Biped Model [10] . Results show that the Nonlinear Predictive Control with Active Force Control (NPC-AFC) is more accurate and it has small tracking errors in comparison to average tracking errors of Nonlinear Predictive Control (NPC).
In this paper, we will develop a PD-AFC control scheme to control the robot in the restricted environments. Several types of trajectories will be used to test the proposed control algorithm. The comparison between PD, AFC and PD-AFC will be presented with/without presence of disturbances to show the stability and robustness of control system.
Modeling of Wheeled Mobile Robot
The proposed Wheeled Mobile Robot comprises three wheels driving system with two differential drive and one castor wheel as depicted in Fig. 1 . The motion of the Wheeled Mobile Robot can be described in global and local coordinate system as shown in Fig. 1 . The Kinematic and dynamic equations for describing the movement of WMR prototype will be derived as follows.
Kinematic Model
As passed above, the mobile robot is moving using two differential drive and on castor wheel. Thus the velocity of mobile robot can be illustrated as in Eq. 1:
The difference between angular velocity of right and left wheels can be written in relation with heading rotation angle as in Eq. 2:
Local coordinate system can be written as shown in Eq. 3
Then, Eq. 3 can be written as Eq. 4 in means of angular velocity ̇ and ̇Ɩ :
Dynamic Model
The dynamics of mobile robot can be derived using Lagrange equation as in Eq. 5:
Where, k: kinetic energy, q: coordinate system : exerted torque on the robot, ( ) : constraints of robot The Lagrange Equation Eq. 5 can be written as in Eq. 6.
where: 
Design of Controller:
The path of mobile robot is controlled using Proportional-derivative controller, Active Force Control and combination strategy that implement PD and AFC together as shown in Fig. 2 . PD Controller operates based on kinematic parameters and it can be used to minimize the position and direction errors during path control. This controller is used as reference value for Active Force Control scheme after multiply by the estimated inertia matrix. Eqs. 7-9 shows the design of this PD controller.
Subscripts ref refer to the input values and the subscripts act refer to the output values. The comparison between reference and actual values evaluates the stability of the control system. The smaller the tracking error, the better the motion control of a mobile robot. is a proportional gains and it can be obtained by multiply an estimated value chosen arbiter using try-error method.
is a differential gain which can be obtained by multiply with an estimated value chosen arbitrary using try-error method. The measurement of acceleration with estimated Inertia Matrix will be compared with applied torque to estimate torque disturbance which can be calculated as in Eq. 11.
AFC Control Strategy
In estimated Inertia Matrix, the heading rotation φ is used as the input of Fuzzy Logic system which has the following fuzzy set variables {Very Small, Small, Medium, Large, and Very Large} as shown in Fig. 2-a. The output of Fuzzy Logic system has two variables which are Inertia Matrix for right (INR) and left wheels (INL) as shown in Fig. 2-b 
If phi is Very Small then INR is Very Small
and INL is Very Large.
If phi is small then INR is small and INL is
Large.
If phi is Large then INR is Large and INL is
small.
If phi is Very Large the INR is Very Large
and INL is Very Small.
Simulation Results and Discussion
To simulate the restricted environments, three kinds of trajectories with unexpected changes in their trajectory has been used to test the proposed control system. Two of them have geometrical trajectories such as circular and leaf shapes which involve a continuous and prompt change in their paths. The other one is the road roundabout path control which is the main restricted area during controlling vehicle on the road. We have implemented the proposed control system with and without disturbances to show the robustness of the control system. In each case, we have compared the reference path with PD, AFC and PD-AFC actual paths.
The simulation is performed using MATLAB/SIMULINK. The simulation setup has been adjusted as follows: Configuration Parameter:
Simulation time -Start from 0 s until 360 seconds. Solver -Fixed-step with ODE3 Auto fixed step. Wheel Mobile Robot Parameter: r=0.1m, b=0.02m, d=0.5m, m=36kg, = 0.8kg, I = 18 kg. 2 , = 0.00818 kg. The circular path is used to test the proposed control algorithm as shown in Fig. 4 . Fig. 4 -a shows the circular trajectory without applying any kind of disturbances for PD, AFC and PD-AFC controllers. PD controller has a big path draft in comparison with the reference path however, AFC and PD have overlapped the original path in the whole path. Fig.  4 .b shows the circular's path with presence of disturbances for AFC and PD-AFC, which are completely identical to the reference path. We didn't include PD controller due to that it has so big draft which is resulted by non-clear figure. The estimated track errors in x and y direction without/with disturbance for the circular path has been shown Fig. 5 and 6 respectively. PD presents a bad response to the system in x and y directions even in the absence of disturbance as depicted in Fig. 5 . AFC controller has a small track errors in its path especially in the beginning of the simulation; however PD-AFC controller maintain the track errors in zero level for the whole path. In similar way, we have implemented all control schemes with simple leaf path as shown in Fig. 7 . Fig. 7 -a shows a comparison between the actual path for all controllers and reference path without disturbance. It can be clearly seen that PD has a big draft from the reference path whereas AFC and PD-AFC are approximately similar to reference path. With the presence of disturbance as shown in Fig. 7 b, PD is no longer useful and AFC with PD-AFC are almost similar to reference path. The track errors in x and y directions for the leaf path without disturbance are illustrated in Fig. 8 . PD has the biggest track errors in x and y, however PD-AFC track errors remain at zero level. When the disturbance is applied as shown in Fig. 9 , the track errors of PD become so high (in power of 10 More complex path has been generated using laser simulator path planning approach [11, 12] . It has been used to find a collision free path in roundabout area as shown in Fig. 10 . The track errors in x and y direction for roundabout environment are illustrated in Fig. 12 in the case of no applied disturbance and with disturbance as shown in Fig. 13 . From both Fig.12 and 13, PD-AFC can guarantee the robustness of control system against disturbance, however AFC has small track errors and still can be used alone but The PD controller can't be used even if the disturbances aren't applied. 
Conclusion
Simulation of restricted environments has been presented in this paper. Two geometrical trajectories, namely circular and leaf paths that involve a continuous and unexpected changes in their paths has been used to test the suggested control scheme. A simulated roundabout as the main restricted area during controlling vehicle on the road has been also utilized to evaluate PD-AFC algorithm. The proposed control system is implemented with and without disturbances conditions to show the robustness of the control system. In all discussed cases, the reference path is compared with PD, AFC and PD-AFC actual paths. Results shows the capability of PD-AFC to eliminate the effect of disturbances and maintain the track errors in zero level. 
